1. Introduction {#sec1}
===============

Spider silks are remarkable biomaterials with a delicate composition and hierarchical structure that give rise to their high tensile moduli. Among the seven types of silks in a typical spider web, the most intensively studied one is the major ampullate (MA) silk (also called the dragline silk), which serves as the scaffold of the web and the lifeline for spiders in danger.^[@ref1]^ The outstanding elastic properties of the MA silk plus its biocompatibility have inspired many applications in fields like hunting, fishing, racket sports, bandages, bulletproof vests, and medical operations.^[@ref2]−[@ref4]^ So far, the studies on the composition of the MA silk have reached a consensus regarding the types and structures of silk proteins, but regenerate silk fibers made from spider silk proteins have not yet achieved the same level of Young's modulus of the MA silk.^[@ref5]−[@ref8]^ This implies that besides composition, the structural organization in the spider silk plays an important role. To understand the internal structure of the spider silk, one could use direct methods, including transmission electron microscopy (TEM),^[@ref9]^ NMR,^[@ref10],[@ref11]^ X-ray scattering,^[@ref7],[@ref12]−[@ref14]^ Fourier transform infrared (FTIR),^[@ref15],[@ref16]^ and atomic force microscopy (AFM) imaging,^[@ref14],[@ref17]^ or indirect methods, such as stress--strain^[@ref6],[@ref18]−[@ref36]^ and AFM-based^[@ref31],[@ref37]^ mechanical deformation measurements. Based on the direct methods, it has been shown that spider silk is composed of thin skin and many densely packed nanofibrils oriented along the fiber axis.^[@ref8],[@ref9],[@ref12]^ The nanofibrils comprise crystalline and amorphous parts with a crystallinity around 22% and featuring nanoconfinement (i.e., the crystallites are a few nanometers in each dimension).^[@ref8],[@ref12],[@ref30],[@ref38]^ The lack of long-range order, however, renders the direct methods inapplicable for gaining the full structural information. The idea behind the more versatile indirect methods (e.g., the stress--strain, AFM three-point bending experiments) originates from the structure--property relations. Based on such experiments, the axial Young's modulus was obtained and a structural model was proposed to explain the strain-hardening/strain-weakening behaviors of spider silks.^[@ref30]^ However, despite all the efforts, a satisfactory understanding of the structure of MA silk is still lacking. To gain a more complete understanding, additional elastic properties beyond the axial Young's modulus available from typical stress--strain measurements are needed. In addition to the local structure relation, the high-frequency (elastic) moduli are related to the intermolecular potential of the system.^[@ref39]^

As a noncontact, nondestructive technique, Brillouin light spectroscopy (BLS) has been utilized to determine the elastic stiffness tensor of biomaterials, including protein,^[@ref40]^ collagen,^[@ref41]^ and muscle^[@ref42]^ fibers. In the case of spider silk, there are two publications^[@ref43],[@ref44]^ on the elastic properties studied by BLS. However, both of them dealt with bundles of spider silks and involved misassignments of phonon modes in the BLS spectra, as detailed in [Section S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf) and also revealed by our analysis. Briefly, the mistaken phonon mode assignments in ref ([@ref43]) resulted in unphysical elastic properties of spider silks (e.g., extremely large elastic constants, negative Poisson's ratios, etc.), whereas the erroneous mode assignments in ref ([@ref44]) led to a misclaimed phononic band gap in spider silk. In this work, we demonstrate the determination of the complete elastic properties of a single spider silk fiber by BLS measurements and examine the strain effect on the silk fiber's elastic properties.

2. Materials and Methods {#sec2}
========================

2.1. Silk Sample {#sec2.1}
----------------

This study focuses on the MA silk of the *Nephila pilipes* spider. The silk was collected by forcibly silking a restrained spider at a rate of 1 cm s^--1^.^[@ref45]^ The spider silk was stored and measured under ambient conditions (e.g., temperature: ∼21 °C, pressure: ∼1 atm, relative humidity: ∼45%).

2.2. Brillouin Light Spectroscopy (BLS) {#sec2.2}
---------------------------------------

BLS is a noninvasive technique based on the inelastic scattering of light by thermally excited hypersonic phonons. We used a green laser (λ~0~ = 532 nm in air) with an input power of around 5 mW and a focal spot size of 2.0 ± 0.5 μm as the incident light. The scattered light was detected by a six-path tandem Fabry--Perot interferometer (JRS Instruments). The probed phonon has a wave vector, **q** = **k**~s~ -- **k**~i~, where **k**~i~ and **k**~s~ are the wave vectors of the incident and scattered light, respectively. The polarization of the incident and scattered light was selected to be either vertical (V) or horizontal (H) to the scattering plane defined by **k**~i~ and **k**~s~. All of the measurements were conducted on single spider fibers, which were cut from the same strand. We conducted the measurements in the transmission, reflection, and backscattering geometries to access phonons propagating in different directions. The frequency shifts from the BLS measurements were used to calculate the direction-dependent sound velocities, which were subsequently utilized to calculate the stiffness elastic constants and mechanical moduli. More details about the experiments and data analysis are available in [Sections S2--S7](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf).

3. Results and Discussion {#sec3}
=========================

3.1. Features of Elasticity Anisotropy {#sec3.1}
--------------------------------------

Before presenting the BLS measurement results, we illustrate the structure and the elastic anisotropy of the spider silk. [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a--c shows the hierarchical structure of the spider silk. A typical spider web includes MA silks as the scaffold, each MA silk consists of many smaller fibrils, and each fibril contains crystalline and amorphous parts. The diameter of the single fiber is 8.3 ± 0.6 μm, as determined from the scanning electron microscopy (SEM) image in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}d. To illustrate the anisotropic elasticity of the spider silk, we show a schematic polar plot of the Young's and shear moduli in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}e and the meanings of four characteristic moduli in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f. The variation of the moduli with α, an angle with respect to the fiber axis, is a prominent feature of the mechanical anisotropy.

![Hierarchical structure and anisotropic elasticity of spider fiber. (a) Schematic of a *N. pilipes* spider orb web. The red and blue lines denote the major ampullate (MA) and flagelliform silks, respectively. (b) Illustration of the skin-core structure of the MA spider silk. The red rods represent the fibrils in the core. (c) The fibrils comprise packed nanocrystals interconnected by amorphous chains. (d) SEM image of the MA spider silk measured in this work. The scale bar is 5 μm. (e) Schematic polar diagram of Young's moduli, *E* (red line) and shear moduli, *G* (blue and green lines), as a function of the angle (α) relative to the fiber axis. *E*~\|\|~ (*G*~13~) and *E*~⊥~ (*G*~12~) represent the Young's (shear) moduli parallel and normal to the fiber axis, respectively. (f) Illustrations of the meanings of the elastic properties in (e). The red and orange arrows indicate the directions of the exerted stresses.](bm9b01607_0005){#fig1}

3.2. Anisotropic Elastic Moduli {#sec3.2}
-------------------------------

To determine the mechanical properties, knowledge of the elastic stiffness tensor is a prerequisite. It is well-known that elastic stiffness constants are coupled with sound velocities in the framework of the Christoffel's equation.^[@ref46]−[@ref49]^ Given the direction-dependent sound velocities, the elastic constants can be determined via nonlinear χ^2^ fitting.^[@ref50]^ Whereas the elastic tensor (in the Voigt notation) of a general anisotropic elastic material involves 21 independent elastic constants, the number could be significantly reduced by considering the structural symmetry. For spider silk, a natural choice is a transversely isotropic model,^[@ref41],[@ref43]^ which leads to an elastic tensor with 5 independent constants (e.g., *C*~11~, *C*~13~, *C*~33~, *C*~44~, *C*~66~) ([eq S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). We note that the possible existence of nanopores and weak fibrillar interfaces in the spider silk^[@ref9],[@ref51]^ affects neither the assumption of the transverse isotropy nor the BLS measurement results because BLS is only sensitive to density variations on the length scale of a few hundred nanometers. To facilitate the analysis, we constructed a "123" coordinate system with the "3"-axis being parallel to the fiber axis ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}f). The transverse isotropy assumption allowed us to restrict the consideration of phonon propagation directions in the "23" plane with α, the angle between the phonon wave vector and the fiber axis, in the range of 0--90° ([Section S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). For each propagation direction, there exists one quasi-longitudinal (Q-L), one quasi-transverse (Q-T), and one pure-transverse (P-T) phonon mode. By probing the sound velocities of the three modes at multiple α angles, the elastic tensor and hence the full elasticity could be determined.

To obtain the direction-dependent sound velocities, we employed micro-BLS with a focal spot size of 2.0 ± 0.5 μm, which enabled measurements on a single spider fiber. BLS experiments on single fibers eliminate the possible multiphonon-scattering processes and broadening of the probed phonon wave vector that could distort the spectra of a bundle of fibers, although the experiments take comparatively longer because of the small scattering volume. We conducted measurements in the transmission, reflection, and backscattering geometries ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) to probe the phonon propagation directions parallel (α = 0°), normal (α = 90°), and oblique (0° \< α \< 90°) to the fiber axis. For a given α, the existing Q-L, Q-T, and P-T were selectively probed by different polarization configurations (e.g., VV, VH, HH) of the incident and scattered light beams. In theory, Q-L and Q-T modes are detectable in VV and HH polarization configurations, whereas P-T modes are observable in VH and HV polarization configurations ([Section S7 and Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)).

![Hypersonic phonons in single spider fiber resolved by micro-BLS in three scattering geometries. The exemplary BLS spectra are recorded in the (a) transmission, (b) reflection, and (c) backscattering geometries. In the schematics, the rod represents a single *N. pilipes* MA spider fiber; **k**~i~ and **k**~s~, being the wave vectors of the incident and scattered light inside the fiber, respectively, define the scattering plane (gray plane); β is the incident angle of the laser beam outside the fiber; and the red arrow denotes the phonon wave vector, **q** = **k**~s~ -- **k**~i~. The transmission, reflection, and backscattering geometries feature phonon wave vectors parallel, normal, and oblique to the fiber axis, respectively. VV, VH, and HH denote different polarization configurations of the incident and scattered light beams, with V(H) representing the polarization vertical (horizontal) to the scattering plane. In the transmission geometry, a typical VV spectrum includes three phonon modes (Q-T, L~\|\|~, Q-L), whereas a typical VH spectrum gives one phonon mode (T~\|\|~). In the reflection geometry, a typical VV spectrum shows one phonon mode (L~⊥~). In the backscattering geometry, a typical HH spectrum exhibits two phonon modes (Q-T, Q-L). The experimental BLS spectra (gray lines) recorded at different *q* values are well-represented by Lorentzian shapes (red and blue lines).](bm9b01607_0004){#fig2}

For practical intensity considerations, we selectively conducted the transmission and reflection measurements using VV and VH polarization configurations and the backscattering measurements using HH and VH polarization configurations. For simplicity, the Q-L (0°), Q-T (0°), P-T (0°), Q-L (90°), Q-T (90°), P-T (90°), Q-L (0° \< α \< 90°), Q-T (0° \< α \< 90°), and P-T(0° \< α \< 90°) phonon modes are denoted in the following as L~\|\|~, T~\|\|,1~, T~\|\|,2~, L~⊥~, T~⊥,1~, T~⊥,2~, Q-L, Q-T, and P-T, respectively. We note that the three scattering geometries (i.e., transmission, reflection, backscattering) and three polarization configurations (i.e., VV, HH, VH) adopted in this work give a complete set of BLS experiments necessary for characterizing transversely anisotropic materials.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows exemplary VV and VH BLS spectra recorded in the transmission geometry, where **q** is parallel to the fiber axis. The strong low-frequency peak in the VH spectrum corresponds to a T~\|\|,2~ mode, whereas the VV spectrum includes contributions from an L~\|\|~, a Q-T, and a Q-L mode. The appearance of the last two modes (Q-T and Q-L) results from the artificial backscattering in transmission measurements ([Figures S1 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)).^[@ref49],[@ref52]−[@ref54]^[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b presents a typical VV BLS spectrum obtained in the reflection geometry with **q** normal to the fiber axis. The single peak is assigned to an L~⊥~ mode, i.e., a longitudinal phonon propagating normal to the fiber axis. The expected T~⊥,2~ modes in the VH spectra were not observed, possibly due to their weak intensity at high scattering angles ([Section S7](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c displays representative HH BLS spectra probed in the backscattering geometry at incident angles, β = 30, 40, and 50° (see [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf) for the full spectra), where **q** is along the scattered light and the corresponding α is in the range of 45--90°. The two peaks are assigned to Q-T and Q-L modes, and their frequencies vary with β. The P-T modes observable in the backscattering VH spectra were detected only at intermediate incident angles; an example of the VH spectrum is shown in [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf).

The phonon wave vectors and frequency shifts from the BLS spectra were used to calculate the sound velocities as *v* = 2π*f*/*q*. To calculate the magnitude of the phonon wave vector in the reflection and backscattering measurements, the refractive index of the spider silk is required. Since the spider silk was observed to be birefringent by polarized optical microscopy measurements (inset to [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)), VV and HH backscattering BLS spectra were resolved at β = 0° to quantify the optical anisotropy ([Section S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). The principal refractive indices were determined to be *n*~o~ = 1.40 ± 0.01 and *n*~e~ = 1.46 ± 0.02. This optical birefringence was taken into account while calculating the *q* and α for all the phonon modes ([Section S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)).

To verify the acoustic nature of the observed phonons, angle-resolved VV measurements were performed in the transmission and reflection geometries by varying the incident angle, β. In these measurements, the magnitude of the phonon wave vector varies, whereas its direction remains unchanged. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, two linear dispersions are observed, which correspond to the L~\|\|~ and L~⊥~ modes observed in the transmission and reflection geometries, respectively. In contrast, the Q-T and Q-L modes observed in the transmission geometry show nonlinear phonon dispersions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), assuming that they have the same **q** with L~\|\|~. This suggests that the Q-T and Q-L modes might originate from artificial backscattering.^[@ref49],[@ref52]−[@ref54]^ To verify this hypothesis, we compared their frequencies with those of the Q-T and Q-L modes from the real backscattering experiments at commensurate incident angles. Notably, the hypothesis is confirmed by the perfect agreement of the phonon frequencies from the two scattering geometries ([Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). Therefore, the frequencies of the Q-T and Q-L modes in the BLS spectra recorded in the transmission geometry should be plotted with their actual *q* values in the phonon dispersion diagram. The angle-resolved (or *q*-dependent) measurements allow unambiguous assignments of the acoustic phonons and thereby access to their correct sound velocities. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b shows the variation of the frequencies of the Q-L and Q-T modes obtained from the backscattering measurements as a function of α. The dispersive Q-L and Q-T modes imply a mechanical anisotropy of the silk fiber.

![Phonon dispersions in single spider fiber and strain effect on the elastic properties. (a) Dispersion relations measured in the transmission (solid symbols) and reflection (open symbols) geometries. The L~\|\|~, L~⊥~, Q-L, and Q-T modes are denoted by different colors. (b) Angle-dependent phonon frequencies from backscattering measurements. (c) Angle-dependent sound velocities in the native (0% strain) and stretched (20% strain) single spider fibers. The lines represent theoretical predictions by [eqs S2--S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf). (d) Variation of the axial and lateral Young's moduli (*E*~\|\|~, *E*~⊥~) and shear moduli (*G*~13/23~, *G*~12~) with the applied strain. The error bars are calculated according to principles of uncertainty propagation ([Section S6](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). Error bars smaller than the symbol size are not shown.](bm9b01607_0003){#fig3}

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c depicts the direction-dependent sound velocities of the spider fiber at 0% strain (i.e., the native state). We observed the Q-L and Q-T phonon modes at multiple α values, whereas the P-T mode was observed only at α = 0, 40, and 50° for the spider fiber at 0% strain, similar to the result in a previous study on dry rat-tail tendon collagen by Cusack and Miller.^[@ref41]^ It is worth mentioning that the present work reports for the first time the sound velocities of the Q-L, Q-T, and P-T modes in multiple propagation directions in a single spider fiber. At 0% strain, as α increases from 0 to 90°, *v*~Q-L~ decreases from 4580 ± 90 to 3370 ± 70 m s^--1^, *v*~P-T~ shows a slight decrease from 1790 ± 40 to 1600 ± 30 m s^--1^, whereas *v*~Q-T~ first increases, achieves a maximum at around α = 50°, and then decreases. Based on the *v*~Q-L~(α), *v*~Q-T~(α), and *v*~P-T~(α) data, we determined the five independent elastic stiffness constants (i.e., *C*~11~, *C*~13~, *C*~33~, *C*~44~, *C*~66~) via nonlinear χ^2^ fitting ([Section S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)). The density of the spider fiber was assumed to be 1300 kg m^--3^, as indicated in previous studies.^[@ref55]−[@ref57]^ The best fits to the experimental sound velocities at 0% strain are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c as solid lines, with the residuals of the fitted sound velocities shown in [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf). From the obtained elastic stiffness constants ([Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)), we calculated the characteristic mechanical properties, including the axial and lateral Young's moduli (*E*~\|\|~, *E*~⊥~), shear moduli (*G*~13~ = *G*~23~, *G*~12~), and Poisson's ratios (*ν*~31~ = *ν*~32~, *ν*~12~) (only five of them are independent), as summarized in [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf). The relevant formulas and physical meanings of the mechanical properties are presented in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf).

We also conducted the same measurements on spider fibers at stretching strains in the range of 5--20%. Note that the spider fiber broke at a strain of around 22%. The direction-dependent sound velocities in the spider fiber at a 20% strain are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c. For the stretched spider fibers, no unambiguous P-T mode was observed, which could be attributed to the vanishing scattering intensity governed by the Pockels (elasto-optic) coefficients ([Section S7 and Table S4](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)) and inhibited a unique determination of *C*~66~. To complete the elastic tensor determination, we assumed the Poisson's ratio *ν*~31~ to be equal to that at 0% strain. The best fits to the experimental sound velocities at 20% strain are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}c as dashed lines. At 20% strain, the *v*(L~\|\|~) and *v*(L~⊥~) are higher and lower than those at 0% strain, respectively, implying a stronger elasticity anisotropy. Similar angle-dependent sound velocities in the spider fibers at 5, 10, and 15% strains are shown in [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf). The elastic stiffness constants and characteristic mechanical properties of the spider fiber at different strains are summarized in [Tables S1 and S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf), respectively.

[Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}d shows the strain dependence of *E*~\|\|~, *E*~⊥~, *G*~13/23~, and *G*~12~. As the strain increases from 0 to 20%, *E*~\|\|~ increases from 20.9 ± 0.8 to 27.6 ± 1.3 GPa, confirming a strain-stiffening behavior of the silk fiber upon stretching. In contrast, *E*~⊥~, *G*~13~, and *G*~12~ are quite robust to the stretching strain and have values around 10.8 ± 1.4, 4.0 ± 0.6, and 4.0 ± 1.0 GPa, respectively. The corresponding mechanical anisotropy ratio, *E*~\|\|~/*E*~⊥~, increases from 2.3 to 2.6. The two Poisson's ratios of the spider fiber, *ν*~31~ and *ν*~12~, possess typical values of polymers (∼0.33)^[@ref58],[@ref59]^ and have a weak dependence on the applied strain ([Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf)).

3.3. Comparison with Literature Results {#sec3.3}
---------------------------------------

To compare the elastic properties of the spider silk from this work with the literature data, we summarize the experimental elastic moduli of the MA silk of four types of *Nephila* spiders in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. A more comprehensive summary of the literature data on the elastic properties of spider silks is included in [Table S5](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf). The following points emerge from [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. (i) Unlike typical stress--strain experiments that only allow the determination of *E*~\|\|~, BLS enables unique access to the complete elastic moduli. (ii) Compared to the typically widespread *E*~\|\|~ data from the stress--strain measurements, *E*~\|\|~ determined by BLS falls within a much narrower range. This could be attributed to the noninvasive nature of BLS and thus its insensitiveness to sample defects. (iii) Previous studies based on stress--strain experiments reported *E*~\|\|~ of the *N. pilipes* MA silk in the range of 0--16 GPa.^[@ref14],[@ref32],[@ref35]^ The comparatively larger elastic *E*~\|\|~ (20.9 ± 0.8 GPa) in the present work might be related to the absence of dissipation at the GHz frequencies in BLS measurements.^[@ref41]^ (iv) The mechanical anisotropy (*E*~\|\|~/*E*~⊥~ = 2.3--2.6) suggests a predominantly axial orientation of the crystalline part in the spider fiber.^[@ref8],[@ref9],[@ref12]^ Notably, an elastic anisotropy of 2.3 is achieved in the native *N. pilipes* MA silk with a low crystallinity of around 22%. (v) Stress--strain experiments were also used to measure the lateral Young's modulus (*E*~⊥~) of the *N. clavipes* spider fiber.^[@ref25]^ However, the influence of the substrate and the uncertainties in the cross-sectional area and strain calculations render the data's reliability questionable. BLS measurements do not suffer from such limitations, although BLS is generally limited to transparent materials with weak absorption at the employed laser wavelength. We point out that BLS is capable of measuring the elastic properties on a scale commensurate with the wavelength of the probing phonon, which is around 200--400 nm for the measurements in this work. Since the diameter of the core (around 8 μm) is much larger than the phonon wavelengths, which are larger than the thickness of the skin (around 100 nm),^[@ref60]^ the measured elastic properties represent the effective properties of the entire spider fiber (i.e., core + shell) with the core being the dominant fraction. This is consistent with a recent paper by Yazawa et al.,^[@ref60]^ which reports that the mechanical properties of spider silk are mainly determined by the core, without significant changes upon removal of the skin. Recently, Wu et al.^[@ref61]^ have reported that the elastic longitudinal modulus *M* (on the order of GPa) of biological systems (e.g., cells, tissues, and hydrogels) measured by BLS at GHz frequencies may not be related to Young's modulus (on the order of kPa) measured by rheology obtained at much low (kHz) frequencies, thus criticizing the finding by Scarcelli et al.^[@ref62]^ The justified criticism is based on the viscoelastic nature of biomaterials, for which the Young's moduli depend on the cross-linking density of the network. The only common property of the two moduli (*M* and *G*) is the local packing manifested by the glass transition temperature of the system.

![Experimental elastic moduli of the MA silk of four types of *Nephila* spiders. The open and solid symbols represent data from previous work and this work, respectively. The axial and lateral Young's moduli (*E*~\|\|~, *E*~⊥~) and shear moduli (*G*~13/23~, *G*~12~) are represented by blue, red, and green symbols, respectively. The height of the symbols denotes the range of experimental data in each work. *N. pilipes*: refs ([@ref14], [@ref33], [@ref36]); *N. edulis*: refs ([@ref20]−[@ref23]); *N. clavipes*: refs ([@ref19], [@ref25], [@ref26], [@ref63]); and *N. clavata*: ref ([@ref24]).](bm9b01607_0002){#fig4}

Since the elastic properties of spider silk are strongly influenced by the species and physical condition of the spider, the procedure of collecting silk samples, the setup and procedure of measurements, and the laboratory ambient conditions (e.g., temperature, relative humidity),^[@ref14],[@ref19]−[@ref21],[@ref24],[@ref26],[@ref29],[@ref32],[@ref63]^ additional studies are needed to explore a larger sample space to draw a comprehensive conclusion on the elasticity of spider silk. Nevertheless, by resolving the complete elastic tensor of spider silk based on single-fiber measurements, the present work represents a significant step toward this goal. The elastic properties reported here could be used to guide and validate computer simulations, which could potentially further advance our understanding of the structure--property relation in spider silk.^[@ref64]^ Moreover, the rigorous method presented in this work, combining micro-BLS measurements and analysis based on a continuum-mechanics-based model, could be extended to the studies of the elastic properties of other mechanically anisotropic materials (e.g., liquid crystals, silkworm silk, fiberlike structures, and fiber-reinforced composites).

4. Conclusions {#sec4}
==============

We have studied the elastic properties of the *N. pilipes* MA silk by using micro-BLS. We demonstrate, for the first time, BLS measurements on a single spider fiber. The comprehensive multiangle measurements, careful consideration of the optical birefringence, and correct phonon mode assignments allowed us to determine the complete elastic tensor and characteristic mechanical properties of the spider silk. In the native state, the axial and lateral Young's moduli of the spider fiber are 20.9 ± 0.8 and 9.2 ± 0.3 GPa, respectively. Upon stretching by 20%, the axial Young's modulus of the spider silk increases by 32%, exhibiting a strain-stiffening behavior, whereas the lateral Young's moduli, shear moduli, and Poisson's ratios show weak strain dependences. The complete elastic properties and their strain dependences could be used to guide future simulations, allowing further elucidation of the structure--property relation in spider silk.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acs.biomac.9b01607](https://pubs.acs.org/doi/10.1021/acs.biomac.9b01607?goto=supporting-info).Mistakes in two previous BLS studies on the elastic properties of spider silk, transversely isotropic elasticity model, BLS experiments, characterization of optical birefringence, χ^2^ fitting, uncertainty analysis, scattering intensity calculations, typical BLS spectra, explanation of artificial backscattering modes in transmission spectra, elastic constants, and literature data on axial Young's moduli of spider silks ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.9b01607/suppl_file/bm9b01607_si_001.pdf))
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